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Abstract

Tokamak fusion devices, which for 3 decades were leaders in the World fusion program and which made
a leap from 1 keV plasma temperature in Russian T-3 machine (1968) to 40 keV and 10.7 MW of DT
fusion power in TFTR at PPPL (1994), are now in an eventual state of defeat and possible shutdown in
the US. Despite much better understanding of the tokamak plasma now, many fundamental problems on
the way to the tokamak-reactor remain unresolved even at the conceptual level. These problems include
stability and steady state plasma regime control, power extraction from both the plasma and the neutron
zone, activation and structural integrity of the machine under 14 MeV fusion neutron bombardment,
maintenance of future reactors, etc.

This presentation describes the physics of a recently (Dec., 1998) invented method of magnetic propul-
sion for driving liquid metal streams in the tokamak magnetic field. This effect in combination with the
idea of renewable and absorbing walls at the plasma boundary (which previously was only a theoretical
abstraction) leads to breaking with the conventional approach to the tokamak fusion reactor. The result-
ing new ideas, which in many aspects rely on the best US tokamak experiments on TFTR (PPPL) and
DIII-D (GA, San Diego) and basic theory, raise the hope on a new research path for tokamaks toward a

practical fusion reactor.
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OUTLINE

1. Magnetic propulsion of liquid lithium.
2. Lithium Walls and tokamak plasma.

(a) Liwalls and energy extraction from the
plasma;

(b) Liwalls and plasma stability;
(c) Liwalls and plasma energy confinement;

3. Yacht Sail approach for tokamak fusion reactors.
4, Summary.

5. Does tokamak fusion have a path ?

.
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1 Magnetic propulsion of ligquid lithium

Goto Cbpu code.
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1 Magnetic propulsion of liquid lithium (cont.)

There 3 magnetic Reynolds numbers which control lithium MHD in toka-

maks
dynamics : Ry = pgoLV,
electro-dynamics : Ry = pgohV,
. h? 1.1
dynamics: R, = EqNS (1.1)
SecC
oo ~ 4 ~|L :
m
B
+ perp
Lithium flow
.
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1 Magnetic propulsion of liquid lithium (cont.)

Characteristic flow parameters:
V =20 m/sec =-p— ~ 1 |atm],

B=1T —-— =4 |atm], (1.2)

mm
B=5T —— =100 [atm].
2o
Dynamic pressure losses are determined by &, and R
<w mm
Ro: Ap— = pugocLlV—
2 wto

2
Mﬁww : D\Qm — .QoQ.\N VA—- __ Gwv
2 2410’
SEC

Magnetic fields from the currents in the stream are determined by R,

%WH . m:oi — m__&: = too.\i\m._.. AH.RC
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1 Magnetic propulsion of liquid lithium (cont.)

Lithium “water-falls” will not flow through the tokamak strong toroidal
field

h=01m, Li~02m, Ly~3m, V >2-—5|m/sec|,
Mﬂwo — %N\HM\ => Hmv
h? h

=4~V =4 (hV) ~0.01 — 0.025.
Ry =4V =4, (V) = 0.01 - 0.025

(1.5)

<w mw
p— < @WMD tor
2 2o

fqQrce
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1 Magnetic propulsion of liquid lithium (cont.)

Momentum driven thin walls have many of unresolved problems in lithium

MHD
h=0.01lm, L ~002m, Ly~3m, V ~20[m/sec|,
Dw 1.6
Ro=4—V ~13-107% (1.6)
Lo
7 \_umo
> >
Plasma V2 B?
v v Ro=16, p-— <R
« r 2 M\&o
Y W
 V7?
Centrifugal ..."
force o
A 000
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1 Magnetic propulsion of liquid lithium (cont.)

Magnetic propulsion opens the possibility for intense plasma facing lithium

streams in tokamaks
mwmoﬂ - \@w
ﬁ.mxmw_&i& — @hxwio:tmﬁ > @ww wto , wwm = toqm< ~ (0.0015
e Driving electro-
magnetic ressure

\::EB jets between TF Coils
L]
A
v
Pressurized
Jx B Force

D2

stream \
.WQ

axis of symmetry

Plasma

Toroidal Field Coijl

<m2mm3

Fistwall e Flow parameters
Li stream
V ~20m/sec, h~0.01 m
Li jets V
L= e Magnetic Reynolds numbers

/).uxm

Force

Lijets V

ﬁhxw_o:&mﬁ > 1 atm

ﬁ.mxmw_s.imﬂ — @.wxw_o:tmﬂ ~1.0—3 TSTB\L

Ro ~ 0.0015

wan — toQ.\:\ =~ Omv

e Stream are robustly stable
due to centrifugal force

Li stream

He atmosphere
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2 Lithium Wallls and tokamak plasma

Plasma facing surface is right at the critical place in the fu-
sion reactor between the plasma and the neutron absorbing

Zone

Three things are the most important:
1. power and particle extraction;
2. effect on core confinement

npr - Tpr - 75 > 5 x 10%! §|w.wm<.mv 3®ﬂ.ﬂbﬂ.ﬂm9ﬁw

3. effect on plasma stabillity.

20 (2nT’
Power fysion < (npr - ﬂ@ﬂvm x %, B= tonw v

.
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3 LiWalls and energy extraction from the plasma

Intense lithium streams have reactor relevant power extrac-
tion capabillities

\Aw?@:m&

PCp

R=6m, a=1.6m, P = Am° Raqua ~ 1.3GW

even with no reliance on the vortices in the streams.

Intense lithium streams can keep wall temperature low (250-300° C) at
the neutron wall loading > 10 MW /m?.

.
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4 LiWalls and plasma stability

Intense lithium streams may create the best situation for the
plasma stability control

2
Power tysion < (npr - Tpr)

Goto Cbpu code.
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4 LiWalls and plasma stability (cont.)

Li walls allow much higher operational plasma pressures.

30

@ o\i_jzm for _.:<<m__ zxma cocsgmé U_mm?m

B - limits for the second stability
regime

20-

R/@a=2.5/1B=5T

j_n._._u circular cross-sectio

||||||||||||

e fixed boundary plasma

e Nn=1,2,3 + ballooning modes
(DCON,PEST-2,BALLON)

e current density with an edge

o pedestal
FIRE, > 2
ITER - =1 N — 7] —
TER o ER J| = Jat (Jo— Ja) |1 2
BPX, >
TPX, S
ARIES, S
........... z
Ja
| S
0 ;
0 6 & 1 120
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5 LiWalls and plasma energy confinement

Li is an excellent getter for the hydrogen plasma particles.

<
OfO
. Q
LI covered walls S
\ s% | Conventional
%,@ walls
RS
\\ Wall 4 ENERGY FLUX :
ERMO-CONDUCTION
_ _msm_du\ dﬂ_cxu convection
convection U_m.
Particle outflux
wall Li source all particle source + gas puff

D
\“_Um_.ﬁﬂ_m OC.:_CX impurities (Z > Z of Li)

residual wall particle source

Lithium can be propelled along the walls
for power and particle extraction.
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5 LiWalls and plasma energy confinement (cont.)

Improved energy confinement is extremely for igniting the plasma

B\bﬂ.ﬂbﬂ.ﬂMVmXHOMHSIw.\awa\.mv 30%.%@%.3@9%@

Plasma profiles are determined by the particle continuity equation

['= Snv = const = (I'),

and by the energy balance

Wﬁﬂ — S(krVT + k,Vn) = [j Pgdv

With perfectly absorbing walls plasma does not know the temperature
of the (cold) walls and leaves no room for thermo-conduction
%% wm&@

m g
Aﬁﬂv — \o Pgdv, T, =—s-— Pg— heatsource.
2 edge MH,



Thus, the major energy loss channel, i.e., thermo-
conduction, can be eliminated with this absorbing wall
boundary condition (S. Krasheninnikov, PFSC at MIT, now
at UCSD).
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5 LiWalls and plasma energy confinement (cont.)

. .5 r
In non-recycling regime Mﬁﬂ — S(krVT + k,Vn) = [, Pdv
N—— —— DENSITY profile (left)
— 1 IS predetermined by the
. \ « / \ x central fueling.
. TEMPERATURE profile
3 \ ﬂ/MH (right) adjusts itself in
order to ELIMINATE
\ / the thermo-conduction.
- R PRESSURE profile
(left) has a jump at the
Prosrc plasma boundary.
i NT/
V TEMPERATURE profile
(right) eliminates the
\ / thermo-conduction
Irrespective to the heat
o 7 source profile.
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5 LiWalls and plasma energy confinement (cont.)

Crucial issues:

e Properties of lithium. For solid Li they are very attractive, e.g., 1 keV
D-ion penetrates hundreds of monlayers of lithium (D.Ruzic, UL).

e Sheet potential near the walls. Is determined by the electron energy,
E ~3T./p;.

Electrons in tokamaks are capable of giving unpleasant surprises.

o .
Electron and ion edge
temperatures are Low electron edge
comparable temperature
Wall
9 Sheet layer
Sheet layer
Plasma Plasma Full reflection

x as a neutral
Good absorpsion
/| by the wall

Wall
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5 LiWalls and plasma energy confinement (cont.)

TFTR discovered and demonstrated that Lithium conditioning was
the most important factor in its performance

A #Livellets yeasurep T
4077 3
“_.O L] L] “
| ~30T~1
< Lithium-aided £ ¥0
(O] -
M) supershot | 207
o 1
3 ~\ - 10
™ ]
Mmm L o 0 time = TBI + 500 ms
S 50 ]
o " ] SIMULATED T.
) 40 # Li pellets _
af Supershot l ] 3
- 30 J 2 Toroidal ITG Modes with
* wr \ - W 7 1 Self-Consistent Neoclassical
+— X~ ] Radial Electric Field
=l - 204 0
Neutral Beam Injection \ 1 Hom .
O “._._._._._._..m
3.0 Time (s) 3.5 4.0 07727 28 29 30 31 32 33

Major Radius (m)

(TFTR # 83546 D.Mansfield, C.Skinner)

The increase in performance with increase in amount of lithium at the
plasma edge has never been saturated.
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5 LiWalls and plasma energy confinement (cont.)

Li Walls concept deffers in details from TFTR results but is consisitent
In basic tendencies to flat the temperature in the core by reducing recy-
cling at the edge

50
honmm¥ w# Li pellets MEASURED |_|_
>30 lm./H 40— F T; (measured)
= 0 . .
20F i - T; (simulated)
107 - 307 (4) pre-beam
o Jtime = T8I + 500 ms g ] Lithium pellets
50 -
: . SIMULATED T, 20 21 MW TETR
81. w# Li pellets : Supershot
wOI. 2 Toroidal ITG Modes with -
W ] 1 Self-Consistent Neoclassical HOI
~ ] Radial Electric Field - . N
209 O 1 e Convectively g
] i Limited 2
“_.Olu m 0 T T T T T T T T T °
0 ] L1 | P | m 0 0.5 r/a 1.0
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5 LiWalls and plasma energy confinement (cont.)

Goto K.Burrell (DIlI-D, GA, CA) talk at APS-2000.

22

Leonid E. Zakharov, PPPL Theory seminar, PU, Jan.18, 2001, Princeton NJ




5 Lithium Walls and tokamak plasma (cont.)

Lithium covered walls affect the very fundamentals of tokamaks

High temperature

suppression ( DIII-D )

Absorbing

walls

( solid or
liquid )

\ pedestal

Conducting walls

(elimination)
of thermo-conduction

elimination of
sawteeth (NTM)

Elimination of
Troyon limit

(second stability
regime) -> high beta

With an additional

at the plasma
boundary

streams

Intense lithium

feedback -
fixed boundary MHD
conditions -> high beta

PPL
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stabilization of RWM
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5 Yacht Sail approach for tokamak fusion reactors (cont.)

Intense Li Streams affect the very fundamentals of tokamak reactor desing.

Electrodynamic pressure creates a stable situation for the first wall.

e Guide wall works against expansion

—
D ithi j b TF Coil
It _C—jhmﬁm etween olls . .
e Guide wall can be made as a thin

7
i NQ cenaanans — Shell (like a car tire).

ropes
D2 P

fsvean 222 fioh e Toroidal component of the electro-
magnetic force can be balanced by

Li jets V
| the set of external wire ropes.

e Inner surface is sealed by the lithium
streams (insensitive to cracks) —

axis of symmetry

Plasma

Toroidal Field Coil

e VVacuum barrier can be moved to the

Force balancing . .

ropes plasma boundary (giving access to
the neutron zone).

24
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5 Yacht Sail approach for tokamak fusion reactors (cont.)

Intense lithium streams + FLIBe make an excellent FW/blanket
combination (S.Zinkle, B.Nelson, ORNL)

Lithium streams keep the
wall temperature below
\.553 jets between TF Coils me =.._ 3@ _UO_ nt O._" F _I_ Be

Towat = 200° — 250° < Thers Frige =~ 450°

FLiBe channel

Independent of inner tempera-
ture in the chanell FLiBe has
a solid boundary layer at the

walls.

Even with
ﬂﬁh&mmioctmﬁ = 800° C en-
ergy losses on the side walls
are ~ 4%.

axis of symmetry

Streal

Li stream

® mﬁo_\

Plasma

Toroidal Field Coil

He atmosphere

FLiBe
(LiF),(BeFy)
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5 Yacht Sail approach for tokamak fusion reactors (cont.)

It would be not crazy to think about making the vacuum chamber
from the wire mesh



e wall becomes insensitive to
thermal deformations —
pulsed regime is acceptable
(no high-tech for the current

D\:Eca jets between TF Coils Q _\_<mv .

e deformations of the wall can
be corrected on the fly
(Yacht sail approach);

e wire wall presumably can
withstand high neutron flux;

FLiBe channel

axis of symmetry

Toroidal Field Coil

e Minimum activation in the
neutron zone;

e protection of feedback
plates by the FLiBe layer
with still excellent coupling
with the plasma;

Li stream—

He atmosphere
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5 Yacht Sail approach for tokamak fusion reactors (cont.)

Stratified geometry of the FLiBe Blanket/Lithium streams

Solid FLiBe
Text External wall |boundary layers D m 0.1
L m 10
FILiBe FLiBe Blanket Flow &) m
Inlet |- — = vV " 0.5

S(n) 1, 100-40
M.W&m wall C° 200

Working Li-FLiBe iterface wall

coordinates Li stream
Plasma

The radial thickness D of the channel is assumed to be much smaller
than the length L of the channel. Plasma side wall temperature is kept
constant by a fast Lithium flow.

Heat source S corresponds approximately to 10 MW/m? in neutrons.
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5 Yacht Sail approach for tokamak fusion reactors (cont.)

The walls of the channel are kept below the melting point of FLiBe, so
two solid salt layers are formed on the walls of the channel.
The stationary heat diffusion equation

oT
\Qmﬁa\% — \amﬁ\@\: + m“ T > MJSQ?

0= \AM.N\\; -+ M‘“ T < MJSQR

together with the matching conditions determines the temperature dis-
tribution in the flow.

(5.1)

Here, p is the mass density of FLiBe, ¢, is the heat capacity, V' is the
velocity of the flow, « Is the thermo-conduction.

Thickness of the solid layer is determined as an eigenvalue of the prob-
lem in a self-consistent way.

FLiBe parameters
p 5 2240
Cp @,.\% 2380
K Sﬁg 1
Ty C° 450
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5 Yacht Sail approach for tokamak fusion reactors (cont.)

200.

Profiles of the (neutron) heat source and T in the FLiBe channel

S [W/cm”3

150.

100.

50.

.06 .08
n (transverse coor dinate)

1000_T [?0 C] Temperature of the FLiBe flow
\O:zm mmmmmmm mperature propfile
Q
= £
// 1<}
//ﬁ 3
——=
eSS
e Si—— e S——
600 SSSS=——=—
\\H -
400
mmmmmmmmmm p re pgrofil
200.
0 02 0 06 .08 0.1[m]

8

800.

4004

200.

0
0

.002

.004
n (transver

FLiBe thermo-conduction is so small that the temperature inside body
of the flow is determined solely by the heat source power

pc,V

oT

a5 = mv T > N@S&?

0s

not by thermo-conduction losses.
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5 Yacht Sail approach for tokamak fusion reactors (cont.)

Two boundary layers of the order of 1-3 mm are formed near walls of
the channel. Inside, each of them contains a sublayer of a solid FLiBe.

In the example the averaged energy losses are 0.26 MWW /m? through the
plasma side wall and 0.16 MW/m? through the Toroidal Field Coil (TFC)
side of the wall, which constitute approximately 4 % of the incoming
neutron flux energy.

FLiBe seems to be a perfect coolant for the tokamak-reactor
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5 Yacht Sail approach for tokamak fusion reactors (cont.)

Yacht Salil approach for the fusion reactor:
low pressure and

minimal ammount of
activated structures

in the neutron zone

high temperature of
the reactor coolant

_|_Q.C_Q insensitivity to
FLiBe Blanket thermal deformations
|

Inductive current drive
Intense LI pyramically is acceptable
U_m—m_ﬁm balanced thin

vacuum chamber best envirionement for

facing - T feedback RWM
streams stabilizing coils

(behind the FLiBe layer)

Additional
stabilization of RWM
by lithium streams
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6 Summary

From the very first presentation to PPPL (PS&T seminar, Jan. 08,
1999), the idea of a tokamak with lithium covered walls was presented
as a consistent tokamak-rector concept.

For the first time, the renewable and absorbing plasma facing walls were
Introduced into the tokamak research.

From the plasma physics side, lithium walls may provide

e a low recycling regime (best possible for energy confinement);

e low-Z plasma facing surface (with a central plasma fueling and sur-
face impurities source);

e rector relevant power extraction capabilities from the plasma

e wall conditions, which are not sensitive to the edge plasma temper-
ature as soon as it exceeds a certain level (about 1 keV).

e slowing down free-boundary MHD instabillities,
e eiC,
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6 Summary (cont.)

Li Walls, for the first time, introduce the “Yacht Sail” approach for the
fusion reactor design, which may provide

e insensitivity of the structure to thermal/electro-magnetic perturba-
tion;

e best environment for both internal and external plasma stability con-
trol;

e elimination of (unrealistic) requirement for the stationary regime;

e efficient power extraction from the neutron zone with a high temper-
ature (FLiBe) coolant;

e minimizing the content of activated structural elements;
e simplification of the entire reactor control and maintainence scheme
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7/ Does the tokamak fusion have a path ?

Go to netscape
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7 Does the tokamak fusion have a path ? (cont.)

Inside the fusion, we, fusion physicists, should, first, realize the deep
meaning of what Sean Connery said about the tokamak fusion

"It Is Impossible (in the conventional way, LZ)",

... but doable (if we follow the way of physics, LZ)"

(S. Connery, TWENTIETH CENTURY FOX and
REGENCY ENTERPRISES film “Entrapment”,
1999)

You, our physics colleagues outside fusion, should always remind us to
be on the right track in the great endeavor to make the tokamak working
In our life time limit as a commercial power reactor.
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7 Does the tokamak fusion have a path ? (cont.)

Integrated approach to fusion reactor
Plasma science part New plasma regime:
. . suppressed turbulence, h f
Solid LI ——— second stability, New schemes for
resistive wall at the the tokamak
plasma boundary, ... reactor:
reduced activation,
smaller size and Btor,
reduced reliance on
e shaping and
Technology o_o_.uo:c::_mm. high-tech plasma control
for Plasma Facing Comp.,
Liquid LI — power extraction,
liquid (FLiBe) blankets, ...
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